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Abstract

The internal dynamical properties of red giant stars have been explored extensively in recent
years as a result of the increase in high precision data availability from the space missions
Kepler and TESS (Transiting Exoplanet Survey Satellite), and in this exploration, it has been
discovered that some of these stars are not behaving as expected. Red giants are stars that have
evolved off of the main sequence after having completed fusing hydrogen into helium in their
core. Observational data shows that the cores are rotating significantly slower than models can
recreate consistently across evolutionary stages. This discrepancy has prompted investigation
into the efficiency of angular momentum transport mechanisms and mixing processes including
meridional circulation, shear instability, internal gravity waves, Tayler-Spruit dynamo, fossil
magnetic fields etc., to explain this behavior.
Analyzing seismic oscillations in stars, via asteroseismology, is a powerful tool as it is the only
way in which the deep stellar interior can be probed and subsequently characterized; this is
possible as global oscillations modulating the stellar surface are effected by internal processes.
For red giants, p-modes (pressure modes; resonating through the entire star) and g-modes
(gravity-modes; resonating in the radiative interior) couple to create mixed modes. These
mixed modes give access to the otherwise hidden stellar interior as g-modes couple to p-modes,
delivering information from the interior to the surface.

Internal magnetic signatures have been observationally confirmed in red giant stars via
asteroseismology and characterized in two ways. One being that dipole mixed modes with
ℓ = 1 will display a global asymmetric frequency shift of its azimuthal components; where
the m = 0 and m = ±1 components of the ℓ = 1 dipole mode will be shifted by two
different power laws, respectively. And the other being a reduced visibility of dipole mixed
mode amplitudes in the power spectra, where stars presenting with this feature are denoted as
suppressed.

Several studies of the suppressed dipole mixed mode amplitudes have been carried out, but thus
far, no dedicated studies of the asymmetric frequency shifts of suppressed red giants have been
conducted; one reason being that the asymmetric frequency shifts cannot be characterized
when the dipole mixed mode amplitudes are severely reduced in many of the suppressed stars.

Since fully suppressed stars do not have detectable mixed-modes to evaluate, partially suppressed
stars, that is, red giant stars presenting with suppressed dipole mixed modes in select parts of
their power spectra rather than across the entire spectra, will be the subject of this study as
the respective mode amplitudes are still visible at high frequencies.

As such, this study will search for asymmetric frequency shifts on the dipole mixed
modes of partially suppressed red giant stars; the aim here is to investigate if both
mode suppression and magnetic shifting of dipole mixed modes occur simultaneously.

This study will be conducted by creating a pipeline to estimate priors of asteroseismic parameters,
use the priors to model the power spectra with the stellar modeling code sloscillations_ISTA,
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and perform a Bayesian fit of the parameters with the simulated data on the star KIC 6975038,
a target with partially suppressed dipolar mode amplitudes identified in the literature, to fit its
magnetic parameters. I present a novel method to model the stellar power spectra of
partially suppressed red giants by application of a sigmoid profile to the ℓ = 1 dipolar
mode component of the spectra. With the results of this study I aim at constraining
the cause of this partial dipole mode amplitude suppression, allowing for more detailed
studies regarding their astrophysical nature. Furthermore, the long term hope for the method
used in this study will be to expand the sample of partially suppressed red giants and fit their
asteroseismic parameters accordingly.
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CHAPTER 1
Introduction

Our Sun is currently in its longest evolutionary stage as a main sequence star, producing
energy through nuclear fusion by burning hydrogen into helium. And despite being our
nearest star, there is still much we do not know about its internal processes including rotation
rate, chemical mixing, density profiles etc. In contrast, surface processes like solar wind and
heating mechanisms of the corona have been well studied [DFP95]. The near surface solar
magnetic field has been characterized via photometry (measuring changes to visible light),
in addition to spectroscopy (changes to characteristic emission and absorption of light) and
spectropolarimetry (measuring the polarization rate of light) (see eg., [EHI+94, GGC+95,
HHH+96, FAA+97, GAC+08]), which are used to measure surface magnetic activity in other
stars as well.

In this work I aim to understand core magnetic fields. Stellar magnetism is widely known
to play an important part in stars across the evolutionary spectrum, notably in the transport
of angular momentum, which has significant impacts on stellar lifetimes via mixing. But
spectroscopy and spectropolarimetry remain blind to direct observations of internal magnetic
fields. The only way to explore the deep stellar interior is by studying stellar seismic
waves via asteroseismology. Modern day high-precision photometry of red giants from
space missions including CoRoT (CNES; [MBA+06]), Kepler (NASA; [BKB+10]), and TESS
(NASA; [RWV+14]) have provided the spark to investigate internal magnetism in these stars as
evaluations of this data showed that the interiors of red giants are rotating slower than theory
at the time had predicted [SP00, MGB+12a]; meaning that angular momentum redistribution
was being facilitated by more than just hydrodynamical processes (those processes including
the turbulent movement of material and consequential transfer of angular momentum). This
finding motivated theories wherein an internal magnetic field originates from dynamo action
at the radiative zone (see eg., [CMB+14]), or as a remnant field from the progenitor (see eg.,
[CFB16, FPJ19, BPM+21]), denoted as a fossil field. Although, a conclusion on the origins
of this internal magnetic field has not yet been reached, and the search continues.

The work presented in this study is motivated by the hope to constrain the origin(s)
of this internal field by obtaining a better understanding of its behaviour. I will be
investigating red giant stars presenting with unique features in their stellar power spectra that
are potentially the result of an internal magnetic field, doing so with asteroseismology as the
key tool.

The study of seismic waves propagating through stars via asteroseismology provides the only
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1. Introduction

way to explore the deep stellar interior and evaluate stellar oscillation modes. Gravity waves
(g-modes) are primarily induced by tangential perturbations of material and propagate through
the stellar interior; while pressure/acoustic waves (p-modes) that are primarily induced by radial
perturbations and propagate through the entire star, are more sensitive to the outer stellar
regions. In seismology, we work to characterize the nature of these oscillations, and to do so
we analyze the behaviour of particular modes. Each oscillation mode can be described by three
quantum numbers/parameters ℓ, m, and n, where ℓ is the degree of the mode, stating the
number of surface nodes of the wave; m is the azimuthal order of the mode, where |m| defines
the number of surface nodes that are oriented in the longitudinal direction (while the rest are
lines of latitude) and follows that m ∈ [−ℓ, +ℓ]; and finally n is the overtone of the mode
defining the radial node number of a particular mode [ACK10, chap. 1.3]. Configurations of
ℓ, m, and n on a sphere can be seen in figure 1.1, which shows the opposing pulsation of the
body in red and blue, separated by white lines illustrating the surface nodes.

Figure 1.1: Octupole ℓ = 3 oscillation modes are illustrated here at a frozen moment in
time, at different stellar orientations to the observer. The columns show the stellar surface
inclined at 30° on the left, 60° in the center, and 90° on the right. While the rows depict
the orientations of the white surface nodes for the azimuthal order m such that m ∈ [−3, 3].
As m defines the number of surface nodes oriented longitudinally, the top row shows m = 0
where all surface nodes are lines of latitude, the second row shows m = ±1 with one line of
longitude, the third row shows m = ±2 with two lines of longitude, and the fourth row shows
m = ±3 wherein all surface nodes are longitudinal. Additionally, the blue and red regions
display the opposing compression and expansion of the region. This figure is a modification of
figure 1.4 in [ACK10, sec 1 pg 14].

Subsequent acoustic oscillation modes with the same degree ℓ = 0 will be evenly spaced in
frequency by the term ∆ν, and the amplitude of oscillation will peak around the frequency
νmax. Both of these terms, ∆ν and νmax, are characteristic to stellar evolutionary stages and
are fundamental asteroseismic parameters for constraining core rotation rates (eg., [MEH+12,
BDA+12, MVB+15, GMM+18, LDB24]), and stellar processes like the ignition of helium (or
not) in the stellar core (eg., [BMH+11, CSH+12, VMS16, HSY17, HSY18]).
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As the stellar interior is the location of this otherwise inaccessible information,
access to it via seismology provides the only way to take a “peak" inside of a star.
Seismic studies of the Sun with helio-seismology has allowed for the characterization of the
outer convective regions via pressure modes (see eg., [DFP95]), but solar g-modes cannot
be detected (see eg., [BPB22] for a detailed review on the status of g-mode amplitudes and
detections in the Sun from previous studies). And, even if g-modes were to exist in the Sun,
having high mode inertia resonating in high density regions of the star, their mode lifetimes
would be significantly longer than those of p-modes; meaning that to be observationally
detected, the data would need to have a much longer time basis than the 4 years with Kepler
to detect the low frequencies. Looking forwards at the successive evolutionary stage for the
Sun, red giant stars arise when main sequence stars deplete their core hydrogen supply. And
although pure g-modes have still not been detected in red giants, unlike main sequence stars,
red giants have a probe that confirms their presence.

Mixed modes are p-modes with both p- and g-mode characteristics and they can
occur in red giant stars when the pressure and gravity mode frequencies become
sufficiently close enough for the g-modes to couple with p-modes. This coupling is
most notable on the ℓ = 1 dipole mode as the acoustic component of the mode resonates
close enough to the g-mode propagation zone in comparison to the ℓ = 2 quadrupole modes.
It is important to note that the ℓ = 0 radial modes are pure-pressure modes that do not
interact with gravity modes to have mixed character. Theoretical descriptions of mixed modes
can be found in [DGHS01] and [Chr04] for example, and were first reported in Kepler red
giants by [BBM+11].

Mixed modes can be present in red giant stars due to their structure, and the solar structure
is the reason why we do not detect mixed modes in the Sun as the propagation region for
g-modes is too far away from the p-mode propagation region for them to couple before the
g-modes rapidly decay in the evanescent zone between these regions. Red giants with
detectable mixed modes, like KIC 8684542 in figure 2.3, are unique in this way and
serve as a laboratory for understanding internal gravity waves and stellar processes
through the information relayed by gravity modes. Additionally, as they are so close
to main sequence stars from an evolutionary stand point, studies of mixed modes
in red giants allows for better understanding of the current deep interior processes
and structure of the Sun as well as insight on what is to come in its future.

In recent years, internal magnetic fields have been observationally confirmed in red giants via
signatures detected on dipolar mixed modes, including suppressed mode amplitudes [GPB+14,
SCF+16a, SCF+16b], and mode frequency shifts [LDBL22, DLBL23, LDL+23, HON+24];
theoretical exploration of these frequency shifts are explored by [GL20, MBP+21, BPM+21,
Bug22, Loi21, MB23, BDB+24, DEB24].

The internal magnetism theory first presented by [FCS+15] states that the suppressed ℓ = 1
dipole mode amplitudes are attributed to a magnetic greenhouse effect wherein mixed mode
energy is scattered and trapped within the radiative (interior) region when magnetic tension
exceeds the restoring force of the wave.

Most of the red giants identified to have suppressed dipolar mode amplitudes display this
feature across their entire frequency range (see [SCF+16a, SCF+16b]) as in KIC 2018283 seen
in figure 2.4. But there a select few stars that display partial suppression of their dipolar mode
amplitudes [GPB+14, DLBL23], where only high frequency ℓ = 1 modes are visible; as is the
case for KIC 6975038 seen in figure 2.5.
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1. Introduction

These red giants with partially suppressed modes will be the subject of my study as
I work to characterize the source of this suppression. With the state of seismology
focusing on detections of internal magnetic fields, the following question arises:
are the visible mixed modes in partially suppressed stars carrying the signature of
internal magnetism in the frequency pattern? By modeling the power spectra with
a novel method and conducting a Bayesian fit of the asteroseismic parameters, in
this thesis I work to answer this question.

This thesis is outlined as follows: in section 2 the origins of the data used in this study are
detailed along with how that data is processed for asteroseismic analysis, section 3 introduces
the method of modeling red giant power spectra, in addition to the novel method of this
study wherein the profile of a partially suppressed red giant is estimated with a sigmoid profile;
section 4 presents the results of Bayesian fitting for a target with partially suppressed mixed
modes as well as a “normal" red giant whose mixed modes are entirely present; interpretation
of the presented results are discussed in section 5 where the significance of the findings
are contextualized within the current state of seismic studies and concludes on the findings,
proposing future work that can stem from this study.
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CHAPTER 2
Data Preparation

2.1 Photometric Data

The photometric data used to conduct this study is the 30 minute long-cadence data from
the Kepler Space Telescope [BKB+10], accessed through The Mikulski Archive for Space
Telescopes (MAST) and optimized for use in asteroseismology following the prescription of
[GHS+11].

Photometric time series data is obtained by way of continuous observation of a target star.
Kepler data was chosen for this study, as the 4-year long continuous time basis of the
observations provides opportunity to probe lower frequency oscillations. Additionally, the
cadence times (1 minute short cadence, and 30 minute long cadence), and sensitivity of the
instruments in combination with the 4-year observations means that the data in frequency
has a high signal-to-noise ratio (SNR) (compared to CoRoT or TESS data), allowing for
the detection of lower amplitude oscillations. The ability to achieve a high SNR is a key
factor in how the Kepler mission revolutionized the field of asteroseismology and propelled the
community into an era rich with data, as the telescope had observed several millions of stars
during its commission.

The photometric time series received from the instrument is converted into the frequency
domain by use of the Lomb-Scargle periodogram [Lom76, Sca82], a Fourier-like transformation
for unequally spaced data. The resultant periodogram is called the power spectrum density
(PSD) and can be seen in figure 2.1 for Kepler Input Catalogue (KIC) star KIC 6975038;
the PSD illustrates the density of power attributed to photometric variations of light over a
range of frequencies. Along with the power excess signal from oscillations centered around the
frequency of maximum power νmax with a Gaussian profile [MBA+08], the PSD also contains
signals denoted as the background noise (the dashed and dotted lines in figure 2.1) which
comprises of constant instrumental noise and photospheric granulation dominating the low
frequency range. To assess the pattern of the oscillations accurately, we work to estimate this
background to ultimately remove it.

2.2 Background and Power Excess

To conduct background estimation, I use the asteroseismic peak-bagging (extraction of stellar
oscillation mode parameters) software apollinaire [BGB+22] to fit the background components.
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2. Data Preparation

Photospheric granulation near the stellar surface is the result of turbulent plasma cells causing
the surface to take on a granular-look. There are various scales of granulation that can be
present at the same time, but the stellar granulation can be well estimated with just 2 scales
modeled by Lorentzian functions of the form

P (ν) ∝
1

1 + (πντ)c
, (2.1)

where τ is the timescale of decay for the sudden pulse that arises on the stellar surface, while
c dictates the shape of the Lorentzian profile and therefore the speed of exponential decay of
the power [KDH+14]. [BGB+22] encode c = 4 when using two Harvey-profiles, representing a
symmetrically growing and decaying pulse [KDH+14]. These Lorentzian functions are denoted
as Harvey profiles after [Har85] analyzed and characterized the shape of the various scales of
granulation of the background to follow high-power Lorentzian profiles.

The power excess oscillation signal is classically described by a Gaussian profile centered around
νmax [MBA+08] and is of the form

P (ν) = Hνmax
exp

[

(ν − νmax)2

W 2
env

]

, (2.2)

where Hνmax
is the height at νmax, and Wenv is the full width at half max (FWHM) of the

Gaussian power excess envelope.

Finally, the instrumental noise used to model the photon white noise in apollinaire [BGB+22]
follows the prescription of [MGR+10] who use a constant term W , that is taken to be the
mean power surrounding a cut-off frequency. It is expected that the photon noise will outweigh
the other background components in this region such that the value can be taken as the
constant term for the entire spectrum.

2.3 Fitting the Background and Power Excess with

apollinaire

To use apollinaire [BGB+22] to fit the background of KIC 6975038, the background parameters
priors are first estimated using the function
create_background_guess_arrays with the input parameters radius R⋆, mass M⋆, effective
temperature T , νmax and ∆ν, taken from the catalogue of [YHB+18], in addition to the PSD
and frequency array. Using the parameter priors, the code is used in this study to fit the
background parameters by way of Monte Carlo Markov Chain (MCMC) sampling implemented
with the Python package emcee [FHLG13]. The MCMC set-up for the fitting includes 64
walkers iterated over 4500 steps each with the first 500 iterations discarded as burn-in.

Additionally, the background fitting begins at the low frequency cut off of 10µHz; this is done
to avoid the part of the spectra in which the stellar active region dominates the signal from
near surface activity [Har85]. The PSD of KIC 6975038 is seen in figure 2.1 where the fitted
background components and oscillation power excess are shown in red.

When the model reaches convergence, that is, when the background parameters converge to
values best fitting the real spectra, a summation of the instrumental noise and Harvey-profiles
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Figure 2.1: The background fit for the PSD of KIC 6975038, using apollinaire [BGB+22],
shows the original data in black and grey; the boundary of the two illustrates the default
low frequency cut-off of 10µHz in which around this point the active region dominates the
spectrum at lower frequencies. The effects can be seen with the upwards sloping of the
spectrum below this point. The initial guess and fitted background are shown in blue and red
respectively, with the the components matching in color with dotted and dashed lines. The
constant white noise from the instrument is also shown in cyan and visible is the spectrum at
high frequencies when all other components approach zero.

are subtracted from the spectrum. The Gaussian profile of the power excess is constructed
from the fitted parameters and will be applied to the spectrum as a weighted average in section
2.4. The resultant spectrum, with the background components removed, is now ready for the
mode amplitudes to be analyzed. Section 2.4 will discuss how partially suppressed red giant
stars are differentiated from normal and suppressed stars using their dipolar mode amplitudes.

2.4 Dipole Mode Visibility

As the focus of this study is to investigate the seismic properties of red giants with partially
suppressed dipolar modes, for future work on expanding the sample of this group of stars,
target selection will be done utilizing the dipolar mode visibility V 2

ℓ=1 [SCF+16b].

The mode visibility is defined as the ratio of the total power of a selected non-radial
oscillation mode to the total ℓ = 0 radial power (see e.g. [MEH+12, KDH+14, SCF+16b,
MBP+17]). As the focus of this study revolves around ℓ = 1 dipole modes, the mode dipole
mode visibility is defined as follows

V 2
ℓ=1 =

Aℓ=1

Aℓ=0

, (2.3)

where Aℓ is the sum of power amplitudes attributed to an oscillation mode. Stars with normal
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dipolar mode amplitudes show higher mode visibilities V 2
ℓ=1 compared to those with suppressed

modes across their spectrum. And since the partially suppressed stars still maintain some
fraction of their dipolar mode amplitudes, their visibilities should exist in an intermediate
region between the normal and suppressed stars. This can be seen in figures 2.6 and 2.7 where
the stars KIC 6975038, KIC 8684542, and KIC 2018283 are highlighted and showcases that
the dipole mode visibility V 2

ℓ=1 of the partially suppressed star KIC 6975038 is found between
a normal red giant, KIC 8684542, and one that is fully suppressed, KIC 2018283.

To measure the visibilities V 2
ℓ=1, the frequency regions that each oscillation mode occupies

in the PSD follows the formalism of [SCF+16a] which defines the radial ℓ = 0, dipole ℓ = 1,
quadrupole ℓ = 2, and octupole ℓ = 3 modes as follows

ℓ = 0 : ϵp − 0.06 < (ν/∆ν mod 1) < ϵp + 0.10

ℓ = 1 : ϵp + 0.25 < (ν/∆ν mod 1) < ϵp + 0.78

ℓ = 2 : ϵp − 0.22 < (ν/∆ν mod 1) < ϵp − 0.06

ℓ = 3 : ϵp + 0.10 < (ν/∆ν mod 1) < ϵp + 0.25

(2.4)

where ϵp is the pure-pressure mode phase offset in the PSD. The segmentation of the PSD
using these boundary conditions is seen in figures 2.3, 2.4, and 2.5 which helps to clearly
illustrate the differences in the ℓ = 1 region of the spectra when mixed modes are present
(KIC 8684542), suppressed (KIC 2018283) and partially suppressed (KIC 6975038).

Figures 2.6 and 2.7 are a recreation of figure 4 in [SCF+16a] (see figure 2.2) using 3574 out of
their 3611 Kepler red giants; the smaller sample I take here is plainly because the asteroseismic
calibrated power spectra densities for all targets were not available to me at the time. Figure
2.6 shows the dipole mode visibility V 2

ℓ=1 as it is calculated in [SCF+16a, SCF+16b] while
figure 2.7 shows the dipole mode visibility V 2

ℓ=1 with the application of a Gaussian weighted
average.

In section 2.2 it is noted that the oscillation power excess is approximated by a Gaussian
envelope centered around νmax, with that, the choice was made to use the fitted parameters
from apollinaire [BGB+22] to create an estimate of this envelope and apply it to the power
spectra following as

PSDP (ν) =

∑n
i=1 PSDi · P (ν)i

∑n
i=1 P (ν)i

, (2.5)

where P (ν)i is the Gaussian power at the frequency ν from equation 2.2. Equation 2.5 states
that the Gaussian applied PSD, PSDP (ν), is formed by applying the weighted average of the
Gaussian for all frequency points i such that i ∈ [0, n].

It must be noted that figures 2.6 and 2.7 zoomed in subsets of the [SCF+16a] sample as, for
my estimations, there exists outliers with visibility estimates orders of magnitude larger and
smaller than the main grouping of the sample. The abnormal visibility of these outliers may
have been due to contamination sources like a bright nearby star causing peaks that fall within
the frequency regions of ℓ = 0 and/or ℓ = 1. In figures 2.6 and 2.7 there are two significant
features, one being a branching of the visibilities V 2

ℓ=1 into two distinct populations for targets
with νmax ≳ 60µHz, and the other being a downwards sloping of V 2

ℓ=1 values for targets with
νmax ≳ 125µHz.
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Figure 2.2: Extracted from [SCF+16a] figure 4, the dipole mode visibilities V 2
ℓ=1 for 3611

Kepler red giants are plotted against their frequency at maximum power νmax. The colors
indicate the stellar mass in solar mass units M⊙, and are scaled following the color bar on
the right of the figure. The dotted line is adopted from [SCF+16b] and separates the stars
with normal stars from those showing suppressed dipole mode amplitudes. The black lines are
showing the estimated visibilities from stellar models for a range of stellar masses (1.1, 1.3, 1.5,
1.7, 1.9 [M⊙]) wherein the average lifetime of a mode is 20 days following the peakbagging
analysis of [CDG15] section 2. The gray lines are similarly showing the estimated visibilities
from a 1.7M⊙ stellar model, but with the average mode lifetime just 10 days, and an average
mode lifetime just under 40 days. The depiction of varying mode lifetimes shows the slight
dependence of V 2

ℓ=1 on these lifetimes with the gray lines being distinct, while highlighting the
lack of dependence on the stellar mass for the black lines which mostly overlap one another.

The branching is consistent with visibility V 2
ℓ=1 estimates in [MEH+12, KDH+14, SCF+16b,

SCF+16a] and shown in figure 2.2 who attribute this behaviour to a high degree of p- and
g-mode coupling creating mixed modes with a high mode mass, therein making it difficult
to visualize the the resultant low amplitudes that reach the surface [MEH+12, KDH+14],
and notably in [SCF+16b] that cites magnetic trapping of the mixed modes introduced in
[FCS+15]. With an internal magnetic field mainly affecting the dipolar mixed modes, as they
travel close to the stellar core, the suppression of these modes in the PSD is the result of a
magnetic greenhouse affect wherein oscillation mode energy is trapped in the stellar core and
unable to continue propagation to the surface [FCS+15].

On the contrary, this overall decrease in V 2
ℓ=1 when νmax ≳ 125µHz differs from the results of

[MEH+12, KDH+14, SCF+16a, SCF+16b] and cannot be seen in figure 2.2 from [SCF+16a].
Attaining this feature after conducting the estimate of the mode visibility V 2

ℓ=1 prompted further
investigation to determine the discrepancy; the visibilities V 2

ℓ=1 were recalculated without
the application of the Gaussian weighted average onto the oscillation power excess as this
approach is not classical. This approach yielded similar results in terms of the overall sloping
of the visibilities V 2

ℓ=1, showing a different scaling of the values that appears to maintain
their relative values to one another. Further investigation of this behaviour will need to be
explored in follow-up studies. For the purposes of this work, the partially suppressed star has
an intermediate visibility V 2

ℓ=1 as expected; the confirmation of this will inform future searches
for more of these unique red giants.
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Figure 2.3: PSD of the sample star KIC 8684542 showing the original data in black segmented
into the regions of ℓ = 0, 1, 2, 3, following the masking formalism of [SCF+16a, SCF+16b]
shown in equation 2.4. The colors are attributed to the oscillation modes as follows: ℓ = 0
is blue, ℓ = 1 is red, ℓ = 2 is green, and ℓ = 3 is yellow. In this work, KIC 8684542 is
representative of a “normal" red giant presenting with dipole mixed modes. The mixed mode
characteristic where the power density of a single ℓ = 1 mode being redistributed within this
region is visible in comparison to the mostly singular peaks of ℓ = 0, 2, 3.

Figure 2.4: PSD of the sample star KIC 2018283, with the same segmentation of mode
frequency regions as in figure 2.3. Of note for this star is the suppression of the dipole mixed
mode ℓ = 1 in the red regions; shown in [SCF+16b] figure 1. In this work, KIC 2018283 will
serve as the fully suppressed star example.
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Figure 2.5: PSD of the sample star KIC 6975038, with the same segmentation of mode
frequency regions as in figures 2.3 and 2.4. The notable feature that makes this target the
main star of this work is the partially suppressed dipole mode amplitudes seen in the red
ℓ = 1 regions. Noted for the unusual partial suppression in [MBP+17], [MPB+17], [Loi20],
[DLBL23], [ROM23], and [AT24] this star was reported by [DLBL23] to have a magnetic
field strength around 180 kilo-Gauss in the hydrogen burning shell surrounding the core. The
suppression of low frequency dipole ℓ = 1 mixed modes is attributed to the field, although
the appearance of high frequency ℓ = 1 modes requires further investigation of magnetic
signatures on this star, namely frequency shifts.
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CHAPTER 3
Methods

3.1 PSD Modeling & Additional Relevant Parameters

Modeling of the power spectra involves using an adapted version of the open-source Python
stellar modeling code sloscillations_ISTA (Desai et al., in prep), originally developed by
[KCN+19] and named sloscillations. This package is designed to model the stellar power
spectra of red giants using fundamental asteroseismic parameters and scaling relations to
recreate oscillation mode amplitudes. The modified version of the package used in this
work includes the addition of internal magnetism, allowing for this study to investigate if
characteristic magnetic frequency shifts are present in the dipole mixed modes of the partially
suppressed star.

To model the spectra with sloscillations_ISTA (Desai et al., in prep), the pure-
pressure mode eigenfrequencies are estimated via the second-order asymptotic
expression [Tas80] as follows

νp,ℓ=1 = ∆ν

(

np +
ℓ

2
+ ϵp − δ01 +

αℓ

2

(

np −
νmax

∆ν

)2
)

, (3.1)

where np is the radial order of the pressure modes in the range np ∈ [5 : 20] for red gi-
ants, ϵp is the pure-pressure mode phase offset which is assumed to follow the scaling law
ϵp = 0.634 + 0.63 log10(∆ν) [MBG+11], αℓ is the curvature in the radial mode oscilla-
tion pattern following αℓ = 0.015∆ν−0.32 [MMB+13], δ01 is the small frequency separation
of ℓ = 1 and the midpoint between the surrounding ℓ = 0 modes, following the scaling
law δν01 = −0.056 − 0.002 log10(∆ν) [MBG+11]. Additionally, nmax = νmax

∆ν
− ϵp is the

non-integer radial order n closest to νmax.

With the onset of mixed modes in red giant stars, with varying ratios of characteristics from
both pressure and gravity waves, their dipole mode eigenfrequencies are estimated following
[MGB+12b]

νpg,ℓ=1 = νp,ℓ=1 +
∆ν

π
arctan

[

q tan

[

π

(

1

∆Π1νpg,ℓ=1

− ϵg

)]]

(3.2)
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where ∆Πℓ=1 is the asymptotic period spacing of the gravity-dominated mixed modes and
follows a tight relationship with ∆ν scaling as ∆Πℓ=1 = 60 + 1.7∆ν in [KHH23], ϵg is the
gravity mode offset, and q is the coupling factor between the pure-pressure and pure-gravity
modes [MPB+17]. Additionally, q = 0 indicates no coupling while q = 1 indicates maximum
coupling of the modes. The parameter q is expressed using the implicit asymptotic
relation of mixed modes following the work of [Shi79] and [UOA+89] by ways of combing
the phases of pressure, θp, and gravity-wave, θg, contributions to the mixed modes as

tan θp = q tan θg; (3.3)

as the expression in equation 3.3 cannot be solved analytically, a numerical root finding
algorithm is used to find frequencies satisfying the equation where,

θp (νpg,ℓ=1) = π
νpg,ℓ=1 − νp,ℓ=1

∆ν
(3.4)

and,

θg (νpg,ℓ=1) = π
1

∆Πℓ=1

(

1

νpg,ℓ=1

−
1

νg,ℓ=1

)

. (3.5)

The parameters νp,ℓ=1 and νg,ℓ=1 are the frequencies of the pure pressure and gravity modes.

As there are varying ratios of p-and g-mode contributions to mixed modes, the nature of the
mixed mode, that is, the dominating contributor between p-and g-modes, can be represented
with mode inertia [GMM+13]; the ratio of the mode inertia in the radiative interior and the
total mode inertia is described by the function ζ (νpg,ℓ=1) (introduced by [GMM+13] and used
in subsequent work by [BBB+14] and [DBB+15]) following

ζ (νpg,ℓ=1) =

(

1 +
q

N

1

q2 cos θ2
p + sin θ2

p

)−1

, (3.6)

where N = ∆ν/ (ν2
∆Πℓ=1) is the number of mixed modes per ∆ν interval, describing the

density of gravity modes compared to the pressure modes. For gravity-dominated mixed modes,
equation 3.6 will tend to unity, while for pressure-dominated mixed modes, 3.6 will tend to
zero.

Modulations to the dipole mixed modes arise from stellar differential rotation of the convec-
tive envelope and radiative interior which induce splitting of the mode frequencies δνrot,env

and δνrot,int, respectively; both δνrot,env and δνrot,int are initial user input parameters in the
PSD model and will remain constant during the fitting to be discussed in section 3.2. The
function in equation 3.6 is used to describe the rotational splitting of mixed modes as a
function of the mean rotational splittings resulting from pure gravity modes in the radiative
interior (δνrot,int) and pure pressure modes in the convective envelope (δνrot,env), expressed
as δνrot = ζδνrot,int + (1 − ζ) δνrot,env. For gravity-dominated mixed modes that are pre-
dominantly sensitive to the interior rotation perturbation, it is reasonable to assume that the
envelope rotation effects (δνrot,env) are negligible [MGB+18] and the rotational splitting can
be approximated as follows
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δνrot = δνrot,intζ, (3.7)

where δνrot,int is taken to be half of the rotation frequency of the radiative interior region
[LDL+23] such that

δνrot,int =
ωint

2
. (3.8)

For a dipole mixed mode with azimuthal orders m = 0, ±1, the observed gravity-dominated
frequencies have a dependence on m following νobsm

= νm=0 + δνrotm
where νm=0 is the

unperturbed mixed mode frequency at m = 0, and

δνrotm
= mδνrot,intζ, (3.9)

the resulting affect from the interior rotation on the dipole mixed modes is a symmetric
frequency splitting of the m = ±1 components around the unperturbed m = 0 component of
the mode, illustrated in figure 3.1.

Figure 3.1: Symmetric splitting of the dipole mixed mode frequencies into the azimuthal
components m = 0, ±1 following equations 3.7 and 3.9. The top panel of the figure shows the
dipole mixed mode without rotational perturbation, while the bottom illustrates the splitting
of the modes in the rotating case showing that m = 0 remains stationary while m = ±1 will
shift in equal and opposite directions.

The aforementioned key magnetic signature wherein the dipole mixed modes are shifted to
higher frequencies, is described by the parameter δνmag,g(ν) following the formalism shown in
[Bug22] as
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Figure 3.2: Asymmetric magnetic splitting of the dipole mixed mode frequency azimuthal
components m = 0, ±1 following equation 3.10. The top panel is identical to that in figure
3.1 showing the dipole mixed mode, in this case without magnetic perturbation, while the
bottom panel illustrates the splitting of the mode caused by magnetic perturbation. It can be
seen here that the m = 0 component of the mode shifts to higher frequencies by half as much
as the m = ±1 components which shift by the same amount.

δνmagm
= m∗ζδνmag,g(ν) = m∗ζ

AB2
0

ν3
, m∗ =

|m| + 1

2
, (3.10)

where A is a normalization factor dependent on the field topology and stellar structure (see
[Bug22] for further details on the terms contained within A), B0 is the amplitude of the
magnetic field, and the term δνmag,g(ν) is the magnetic perturbation for pure g-modes. Of
note here is that the function ζ in equation 3.10 scales the amount of pure g-mode magnetic
perturbation according to g-mode contribution in the mixed mode, of which the function ζ
describes. For red giant stars, magnetic perturbations on dipole mixed mode frequencies shift
all 3 azimuthal components, unlike rotation, such that the m = 0 component of the mode will
shift half as much as the m = ±1 components which can be seen illustrated in figure 3.2. Of
note for the magnetic splitting is the 1/ν3 dependence, meaning that magnetic shifting will be
strongest for mixed modes at low frequencies; in the case of partially suppressed red giant
stars, this dependence may cause difficulty in detecting magnetic perturbations with few ℓ = 1
intervals which reside at relatively high frequencies in the respective PSD’s, as is the case for
KIC 6975038. The magnetic shifting parameter, δνmag,g(ν), will herein be denoted as δνmag.

As the magnetic shifting of the dipole mixed modes is dependent on the azimuthal term
m, magnetic perturbations introduce an asymmetry to the modes; studied in [LDBL22] and
explored in [BPM+21], the asymmetry parameter a follows
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a =
νm=1 + νm=−1 − 2νm=0

1/3 (δνmag,m=1 + δνmag,m=0 + δνmag,m=−1)
, (3.11)

where νm is the the frequency of the mixed mode with some m. With a range of a ∈ [−1
2
, 1]

(see [LDBL22] supplementary material for a detailed explanation), the asymmetry parameter
a allows for better understanding of the magnetic field topology as the minimum corresponds
to the radial component of the magnetic field being concentrated around the stellar pole,
while the maximum corresponds to the radial component of the magnetic being concentrated
around the stellar equator (eg., [LDBL22, MB23]).

3.2 Bayesian Fitting

Bayesian fitting of the model parameters ∆ν, δνmag, δνrot, θinc, a, q, ϵg, ϵp, ∆Πℓ=1, was
conducted using a Bayesian fitting code called Bayes_sloscillations_ISTA (Desai et al.
in prep). The Bayesian fitting process in the case of this study follows that sloscillations_ISTA
generates a PSD model using equations listed in section 3.1, Bayes_sloscillations_ISTA (Desai
et al. in prep) then compares the the PSD model to the original PSD data following what is
defined in the code the loss function,

Bayesian Model Parameters

Parameter to be Fit Walkers Initial Distribution
Sampling Range

∆ν [µHz] ∆ν − 0.6 < ∆ν < ∆ν + 0.6
δνmag [µHz] 0 < δνmag < 0.2
δνrot [µHz] 0 < δνrot < 0.8

θinc [°] 30° < θinc < 60°

a [unitless] −0.5 < a < 1
q [unitless] 0 < q < 1
ϵg [unitless] −0.5 < ϵg < 0.5
ϵp [unitless] −0.5 < ϵp < 0.5

∆Πℓ=1 [seconds] 50 < ∆Πℓ=1 < 150

Table 3.1: List of the model parameters involved in the Bayesian fitting in Bayessloscilla-
tions_ISTA (Desai et al. in prep.). All parameters except for ∆ν are sampled from a uniform
distribution bounded by the ranges given in column 2. ∆ν is sampled from a Gaussian
distribution with a standard deviation σ = 0.15; the reason for this narrow sampling range is
to because the ∆ν values for Kepler red giants are well studied and well constrained, so the
parameter space exploration does not need to be large.

loss = −
1

2

n
∑

i=1

[

(PSDmodeli − PSDreali)
2

0.022
+ log

(

2π
(

0.022
))

]

. (3.12)

The goal of the Bayesian fitting is to reduce the chosen loss function in equation 3.12,
optimizing parameters being fit such that the model closely matches the real data at each
index of power, i. The parameters being fit during this process follow an MCMC parameter
space exploration wherein the prior values are sampled from a continuous uniform distribution,

19



3. Methods

over the range listed in table 3.1 column 2, to establish the 200 walkers. An exception is made
for the parameter ∆ν which is sampled from a Gaussian distribution with σ = 0.15; this is
done because ∆ν is a fundamental asteroseismic parameter heavily impacting the observed
behaviour of the oscillation modes, as such, a narrow parameter space exploration is established
to tightly constrain it. As the walkers explore the parameter space within the boundaries of
table 3.1 column 2, a new PSD model is generated and again compared to the real data PSD.
The movement or updating of the coordinates of the walkers in the parameter space follows
the emcee.moves function KDEMove where KDE stands for Kernel Density Estimation; the
KDE algorithm is an efficient ensemble sampling algorithm that allows for parallelized updates
of all parameters (see [FHLG13] for more details on MCMC ensemble sampling). It is in
this way, that is, the ensemble parameter updates, that the Bayesian fitting process from
Bayes_sloscillations_ISTA (Desai et al. in prep) is capable of constraining the magnetic field
properties as the parameters are simultaneously evaluated and updated to obtain a model
that best fits the comparative real data. Again, the goal of this process is to find a model
such that the difference between the model and the real data is minimized and the parameters
converge on the values that create the best fitting model.
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CHAPTER 4
Results

4.1 KIC 8684542: A “Normal" Red Giant

To test the performance of Bayessloscillations_ISTA (Desai et al. in prep.) before deploying
it on the partially suppressed star, we first conduct the Bayesian fitting for the “normal"
red giant star, KIC 8684542, that is, a red giant star reported to have magnetic frequency
shifts (see [LDL+23] and [HON+24]) of the dipole mixed modes, but not any dipole mode
suppression. Figure 4.1 shows the resulting model created with the fitted parameters in red,
while the original data is plotted in black. The pure acoustic ℓ = 0 mode is well identified
across the spectrum and highlighted with a purple star, while the ℓ = 2 oscillation modes
become slightly shifted away from the data at higher frequencies. The notable feature in
figure 4.1 is the complex ℓ = 1 dipole mixed mode pattern. Although this star is denoted as a
“normal" red giant star, it has a dipole mixed mode pattern that is difficult to characterize as
it is inclined at 71.9+18

−7 degrees [°] [GMMC21]. Meaning that at such a high inclination, such
as is depicted in figure 1.1, the splitting of the mixed modes into the azimuthal components
m = 0, ±1 become difficult to resolve, making it difficult to characterize both magnetic and
rotational perturbations from the spectra.

As such, although the mixed mode pattern in this test star is difficult to characterize, we will
still utilize the Bayessloscillations_ISTA (Desai et al. in prep.) fitting on the stellar power
spectra for a star at intermediate inclinations; in the future, the sloscillations_ISTA model will
need to be adjusted to accommodate these types of stars, and this current work will ideally
serve to identify limitations of the model to plan for creating solutions. The question now
arises whether characterization of magnetic perturbations of KIC 6975038 will be possible if
the inclinations are outside of the intermediate range of [30° − 60°], as an estimate of the
inclination for this star has yet to be reported.

The parameters from the Bayesian fitting of KIC 8684542 are listed in table 4.1. The difficulty
in constraining the inclination angle θinc was already mentioned, and the resultant fit of
θinc = 44.225+8

−8[°], which is outside of the error bars for the value reported in [GMMC21], also
highlights this point. Additional parameters from the fitting procedure including δνmag, ϵg, ϵp

and ∆Πℓ=1 are also outside of the error bars for their respective values reported in studies
from [MPB+17], [GMM+18], [LDL+23], and [HON+24]; these discrepancies can be attributed
to the difficulty in modeling the PSD of a red giant presenting with a complex mixed mode
pattern that is reported to have both magnetic and rotational shifting, in addition to a high
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Fit Parameters

Parameter KIC 8684542

∆ν [µHz] 13.459+0.024
−0.016

δνmag [µHz] 0.060+0.048
−0.035

δνrot [µHz] 0.088+0.147
−0.060

θinc [°] 44.225+8
−8

a [unitless] 0.206+0.365
−0.366

q [unitless] 0.081+0.018
−0.013

ϵg [unitless] −0.093+0.233
−0.212

ϵp [unitless] 0.304+0.016
−0.023

∆Πℓ=1 [seconds] 99+31
−1

Table 4.1: List of the fit model parameters from Bayessloscillations_ISTA (Desai et al. in
prep.) for KIC 8684542 including the respective errors measured as the difference between the
mean and 16th and 84th percentiles from the resultant MCMC chain of walkers.

S =
1

1 + exp(−ahoriz. · (ν − νi − hhoriz.))
, νi = νmax

=
1

1 + exp(ν − νmax)

(4.1)

where ahoriz. controls the horizontal stretch or compression, and hhoriz. is the horizontal shift
away from the inflection point νi of the function set at νmax. Fixing νi at νmax for all targets
is done because the currently identified targets exhibit mode suppression at frequencies below
νmax (see figure 2.5). Additionally, the sigmoid profile reduces to smaller expression in equation
4.1 when the following parameters are set to constants: ahoriz = −1 and hhoriz = 0; since
the variable of the sigmoid function have not yet been implemented as a fitting parameter
in Bayessloscillations_ISTA (Desai et al. in prep.), these parameters are fixed and the same
Sigmoid is applied at each iteration of the fitting process. The decision to model the ℓ = 1
partial mode suppression with a sigmoid profile was made because application of the sigmoid
can effectively suppress low frequency amplitudes to near zero values, while still allowing for
close to no mode suppression at high frequencies. In the future, if partially suppressed targets
are identified with more diverse suppression profiles, the parameters ahoriz. and hhoriz. can be
used to modulate the profile accordingly.

The process of modeling the power spectra density of a partially suppressed red giant requires
isolating the ℓ = 1 component of the sloscillations_ISTA model spectra to apply the sigmoid
profile from equation 4.1. From an sloscillations_ISTA model, the power spectra comprising
of the ℓ = 0, 1, 2, 3 modes as well as only the ℓ = 0, 2, 3 modes can be extracted. With
the two model spectra of the same star, PSDℓ=0,1,2,3 and PSDℓ=0,2,3, an isolated power
spectra density of ℓ = 1 modes can be achieved from the difference of the two, following
PSDℓ=1 = PSDℓ=0,2,3 − PSD0,1,2,3. Equation 4.1 is then multiplied into PSDℓ=1 such that
only high frequency mode amplitudes are visible. The resultant sigmoid altered spectra PSDS

is then added back to the spectra containing only ℓ = 0, 2, 3, PSDℓ=0,2,3, to yield the sigmoid
altered model illustrated in figure 4.3.
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4. Results

Figure 4.2: The Sigmoid function plotted with the red dashed line is created using equation
4.1 for the relevant frequency range of the partially suppressed star KIC 6975038. The vertical
blue line shows νmax ≈ 125.24 [µHz], and the blue star shows the inflection or mid-point
(50% mode suppression) of the Sigmoid function with a default setting at νmax. The Sigmoid
function has a sharp change of behaviour from 0% to 100% to imitate the change from total
suppression to the reappearance of the dipole ℓ = 1 mixed mode; with this transition occurring
near νmax, justifying the choice to set the inflection point at νmax.

4.2.2 KIC 6975038: The Unusual Red Giant

In this section, we report on the results of the Bayesian fitting of the parameters of the Kepler
red giant KIC 6975038. Table 4.2 displays the estimated parameter values for the star as well
as the respective uncertainties, as calculated in Bayessloscillations_ISTA (Desai et. al., in
prep.).

The best fit model of the stellar power spectra for KIC 6975038 is seen in figure 4.3 which
showcases a comparison of the original data, the sigmoid altered sloscillations_ISTA prior
model, and the resultant Bayessloscillations_ISTA model with the sigmoid profile superimposed
for visualization of the mode suppression; the ℓ = 0, 2, 3 mode frequencies are also highlighted
for easier identification of the dipole ℓ = 1 modes that are present in the space between
ℓ = 3 and ℓ = 2. The best fit model parameters are listed in table 4.2. Of note for the
characterization of a potential magnetic perturbation, δνmag is a non-zero value,
indicative of a magnetic modulation on the dipolar mixed modes.

The posterior distribution and chain of walkers from the Bayesian model fit are displayed in
figures 4.4 and 4.5, respectively. From the model posterior distribution in figure 4.4 it can
be seen that the parameters q, δνrot, a, ϵp, ∆ν, and∆Πℓ=1, are well constrained parameters;
noting that the distribution for ∆Πℓ=1 appears to be pushing towards the boundary, as such, a
case can be made that with adjusted boundaries this parameter may continue to move and is
thus not well constrained. For the parameters θinc, ϵg, and δνmag, the posterior distributions
are more broad indicating that the parameters were more difficult to constrain.

Although the magnetic splitting determined by the Bayesian fitting of this work points towards
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4. R e s u l t s

Fi g ur e 4. 4: T h e p ost eri or distri b uti o n of t h e B a y essl os cill ati o ns _I S T A ( D es ai et al. i n pr e p.)
fit f or t h e p o w er s p e ctr u m of KI C 6 9 7 5 0 3 8 is s h o w n, ill ustr ati n g t h at s o m e of t h e p ar a m et ers,
n a m el y θ i n c, ϵg a n d δ ν m a g , ar e n ot as w ell c o nstr ai n e d as q, ∆ ν or ϵ p . Of n ot e is t h e distri b uti o n
f or ∆ Π ℓ = 1 , w hi c h is i n a gr e e m e nt wit h r e d gi a nt v al u es (∼ 5 0 < ∆ Π ℓ = 1 < ∼ 1 5 0 ) a c c or di n g t o
[M B B + 1 4 ], alt h o u g h t h e v al u e is o n t h e l o w er e n d of t his b o u n d ar y a n d s o f urt h er e v al u ati o n
of t his b e h a vi or is n e e d e d.

esti m ati o n m et h o ds f or t his p ar a m et er w hi c h yi el ds t h e first v al u e t h at is n oti c e a bl y s m all er
t h a n st ars wit hi n a si mil ar ∆ ν r a n g e; t h eir s e c o n d esti m ati o n of t his p ar a m et er is c o m p ut ed b y
li ni n g u p t h e a zi m ut h al c o m p o n e nts m of t h e di p ol e m o d es s u c h t h at t h e y ar e a p pr o xi m at el y
e v e nl y s p a c e d i n p eri o d ( as it t h e e x p e ct e d c as e f or p ur e g- m o d es, w hil e p ur e p- m o d es ar e
e x p e ct e d t o b e e v e nl y s p a c e d i n fr e q u e n c y b y ∆ ν ). T h e t w o r e p ort e d v al u es fr o m di ff er e nt
i n [D L B L 2 3 ] hi g hli g hts a n ot e m a d e i n [M P B + 1 7 ], b ei n g t h at t h e m e as ur es p eri o d s p a ci n g
f or st ars wit h m a g n eti c m o d ul ati o ns, is si g ni fi c a ntl y l o w er t h a n t h at of t h e as y m pt oti c p eri o d
s p a ci n g f or t h e s a m e st ar. [ M P B + 1 7 ] n ot es b ot h a l o w ∆ Π ℓ = 1 a n d a hi g h q f or KI C 6 9 7 5 0 3 8,
n oti n g t h at t h es e u n us u al v al u es f or a st ar wit h ∆ ν ≈ 1 0 .4 7 4 + 0 .0 0 5

− 0 .0 0 5 [µ H z] m a y b e i n di c ati v e of
a l ar g er r a di ati v e c a vit y, r es ulti n g i n a s m all er r e gi o n b et w e e n t h e r a di ati v e i nt eri or a n d t h e
c o n v e cti v e e n v el o p e t h at all o ws f or m or e p a n d g- m o d e c o u pli n g b ef or e t h e m o d es b e c o m e
e v a n es c e nt a n d d e c a y r at h er t h a n c o u pli n g.

As m e nti o n e d pr e vi o usl y wit h t h e i n cli n ati o n θ i n c, t his p ar a m et er is oft e n us e d i n st u di es at
t h e st art t o r estri ct t h e s a m pl e t o o nl y i n cl u d e t ar g ets w h er e all of t h e a zi m ut h al c o m p o n e nts
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4.2. KIC 6975038

of the oscillation modes are visible. Without a good constraint on the stellar inclination θinc it
is consistent that the magnetic and rotational parameters that depend on these components
are also not well constrained; furthermore, without dedicated studies on the fundamental
parameters of this particular target considering the unique profile, it will continue to be difficult
to characterize the mixed mode pattern.

Figure 4.5: The MCMC walker chains of the Bayessloscillations_ISTA (Desai et al. in prep.)
fit for the power spectrum of KIC 6975038 is shown and illustrates the parameter exploration
of the walkers.
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CHAPTER 5
Discussion, Conclusions, &

Interpretations

As the goal of this study was to investigate if the suppressed dipole mode amplitudes in red
giant stars are exhibited simultaneously with the magnetic frequency shifts of the same modes,
the magnetic shift, δνmag, and asymmetry, a, parameters will help in answering this inquiry.
The asymmetry a and magnetic shift δνmag listed in table 4.2 would indicate towards there
being an internal magnetic field inducing a perturbation of the dipole mixed mode oscillation
frequencies, with the non-zero value of δνmag. As [DLBL23] also report a non-zero magnetic
shift for KIC 6975038 which also presents with partially suppressed dipole mixed modes, it
can be said that both mode suppression and magnetic shifting of dipole mixed modes can
occur simultaneously. Although, there are two caveats of note here, one being that multiple
parameters reported in this study for KIC 6975038 (namely δνmag, q, and ∆Πℓ=1) are not within
the margins of errors of the previously reported literature values (see [MBP+17, MPB+17],
[VMS16], [DLBL23]), and the second being that KIC 6975038 is currently the only red giant
star reported to present with both mode suppression and magnetic frequency shifts. To further
validate the simultaneous existence of mode suppression and magnetic frequency shifts and
determine how the two characteristics interact with one another with varying magnetic field
strengths and topologies, a larger sample of these partially suppressed stars will need to be
identified and characterized; a key takeaway from this work is the potential for target selection
of partially suppressed red giants by means of the dipole mode visibilities discussed in section
2.4 wherein our initial guess is that stars with partially suppressed dipole mode amplitudes
will have (near-)intermediate visibility measurements, V 2

ℓ=1. Additionally, as it is noted in
[MBP+17] and further elaborated on in [MPB+17], KIC 6975038 was investigated because
of the star’s unusually high coupling parameter, q, and later noted by both [MPB+17] and
[DLBL23] for the unusually low ∆Πℓ=1; as such, another search criteria for partially suppressed
stars can be via unusual outliers in stellar parameters describing mixed modes.

The Bayesian model fit parameters of KIC 6975038 in table 4.2 show δνmag, is non-zero
and indicative of a magnetic signature in this star with the current models. From figure 4.3
the original data and the Bayesian fit model are a close match, with the model deviating
slightly from the data across the spectrum. Notably, the ℓ = 0 dipole mode frequencies
appear to be estimated relatively well between 130µHz and 140 µHz, but the same cannot
be said for the following radial order, n, at high frequency. With that, it is evident that the
Bayessloscillations_ISTA (Desai et al. in prep.) is performing moderately well in fitting the
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5. Discussion, Conclusions, & Interpretations

PSD, including the complicated mixed mode pattern, but user-dependent adjustments still
need to be made to achieve improvements in the fitting to create trustworthy models; these
user dependent adjustments include better constraints on the stellar input parameters of the
model that remain constant and are not fit in the Bayesian procedure, including but not limited
to νmax, αℓ=1, Teff (the effective temperature), and δ01 as described in section 3.

We can conclude that the Kepler red giant KIC 6975038, with partially suppressed
dipole oscillation modes, may contain magnetic signatures in the form of frequency
shifts (as reported in [DLBL23]), but updated models and further evaluation of the
individual oscillations modes may need to be conducted for a definitive conclusion
with the modeling and Bayesian fitting methods of this work using sloscillations_ISTA

and Bayessloscillations_ISTA (Desai et al. in prep.).

Furthermore, we plan extend this study to a larger sample of stars following the
target selection from section 2.4, aiming towards painting a more clear picture of
the frequency pattern in low amplitude mixed modes.
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